Responses to acid have been studied extensively in enteric pathogens, such as Escherichia coli, Vibrio cholerae, and Helicobacter pylori that encounter the extremely low pH (pH 2 to 3) of the stomach during ingestion. In contrast, much less is known about how obligate or facultative intracellular bacterial pathogens like Mycobacterium tuberculosis respond, resist, and persist in the moderately acid environment of the phagosome or phagolysosome. The pH of the macrophage compartment, in which M. tuberculosis resides, ranges from pH 6.2 to 4.5, depending on the activation state of the macrophage (55, 81, 99) . Phagosomal acidity may provide a critical cue for adaptation of M. tuberculosis to the host niche. At the same time, to ensure survival for what can be decades, the bacterium must prevent excessive entry of protons into its cytosol and expel them when their concentrations threaten the pH homeostasis that most organisms maintain. Here we review current understanding of the ability of M. tuberculosis to adapt to phagosomal levels of acid. It has been challenging to dissect the role of phagosome acidification in the pathogenesis of tuberculosis, because it is accompanied by and synergizes with other host defenses. Similarly, M. tuberculosis acid resistance mechanisms appear to be cross-protective against other forms of stress, making it difficult to directly relate a defect in acid resistance to impaired virulence. Notwithstanding, the phenomenon is central to the pathogenesis of tuberculosis and thus might offer points of vulnerability that could be exploited by new chemotherapeutics.
ACID AS A HOST DEFENSE
Using indicator dyes that change color in acid, such as litmus and neutral red, Elie Metchnikoff reported in 1905 that acidic reactions occur within phagosomes of guinea pig peritoneal macrophages that have ingested bacteria (61) . Likewise, with the use of dyes, Peyton Rous observed acidic compartments within peritoneal exudate cells of rats and mice (74, 75) . Noting that the dyes provided imprecise measurements of acidity, Rous speculated that the pH of intracellular compartments might be as low as 3. Following this, a report examining the level of acidity surrounding mycobacteria in macrophage compartments demonstrated that the pH of M. tuberculosis-and Mycobacterium smegmatis-containing phagosomes was in the range of 4.7 to 5.5 (85) . Subsequent studies made use of fluorescent pH-sensitive molecules that allowed quantitative measurements of phagosomal acidity. Using fluorescently labeled dextran, which accumulates in lysosomes, it was shown that lysosomes of macrophages ranged in pH from 4.5 to 4.8 (67) . The aforementioned observations laid ground for the demonstration that when lysosomes fuse with M. tuberculosis-containing phagosomes in immunologically activated macrophages, the phagolysosomal pH falls to 4.5 to 5.0 (55, 81, 84, 99) . Numerous studies have confirmed these observations (reviewed in reference 46). Recently, using fluorescent mannosylated beads, it was reported that the pH of the macrophage phagolysosome falls rapidly, within 15 to 60 min, to a pH slightly below 5.0 (103) . Thus, the pH of the macrophage phagolysosome appears to vary with the immunological state of activation of the macrophage and the nature of the phagocytic particle but generally reaches a pH associated with cessation of growth of many facultative intracellular bacterial pathogens in broth culture.
Certainly, excess protons can damage DNA, proteins, and lipids and disrupt biochemical reactions. Whether phagosomal acid is actually a major bactericidal effector mechanism of macrophages is difficult to establish. In 1954, Rene Dubos stated, "The hypothesis that intracellular acidity is one of the causes of the bactericidal effects of phagocytosis is at best a working hypothesis almost devoid of experimental support" (25) . In fact, phagosomal acidification is important for the induction of virulence factors in certain pathogens and favors the survival of some. For example, acidification is required for escape of Listeria monocytogenes from phagosomes (9) and induction of virulence proteins in Salmonella enterica serovar Typhii (20) . Legionella pneumophila (89) and Coxiella burnetii (40, 59 ) display more efficient replication in acidic phagosomes. Moreover, efforts to define the microbicidal contribution of phagosomal acidification are complicated by the pleiotropic impact of disrupting this process. Inhibiting acidification likely interferes with the antimicrobial capacity of other host defenses and also probably prevents complete biogenesis of the phagosomal compartment as acidification itself is believed to act as a go signal for phagosome maturation (42) .
With these caveats in mind, several studies have demonstrated that interference with acidification of the phagosomal compartment favors the survival of mycobacteria (55) . It is tempting to conclude that phagosomal acid itself is bactericidal. However, another interpretation is that the acidity of the phagosome supports and synergizes with additional antibacterial mechanisms of phagocytes, such as acid-dependent lysosomal hydrolases and reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI) (44, 87, 93) (Fig. 1) . For example, nitric oxide (NO) is the primary product of inducible nitric oxide synthase (iNOS), an enzyme required for control of experimental tuberculosis in mice (54) . In oxygenated aqueous environments, NO rapidly autooxidizes, producing roughly equivalent amounts of nitrite and nitrate. These are not microbicidal, and they diffuse away from the enzyme, both out of the macrophage and presumably into the phagosome. However, the pH of a phagolysosome containing M. tuberculosis in an activated macrophage is close enough to the pK a of nitrous acid (3.8) to allow protonated nitrite (that is, nitrous acid) to sustain its own dismutation, forming NO and another toxic radical, nitrogen dioxide. Thus, nitrite diffusing into an acidified compartment generates another round of bactericidal RNI (53) . The phagosomal milieu in the activated macrophage thus resembles to some degree the intragastric environment, whose microbicidal efficiency depends on the combined action of acid and RNI (10, 60, 106) . In addition, like many other elements of the innate immune response, phagosomal acid serves to link the innate and adaptive immune systems. In dendritic cells (DCs), regulation of phagosomal pH by phagocyte oxidase (NOX2) is important for T-cell activation. In DCs lacking phagocyte oxidase, enhanced phagosomal acidification results in increased antigen degradation and inefficient cross-presentation of antigen to T cells (56, 79) .
M. TUBERCULOSIS RESIDES IN AN ACIDIC PHAGOSOME
In macrophages that have not yet been immunologically activated, many species of mycobacteria inhibit the fusion of phagosomes with lysosomes and thereby reside in an environment that is only very mildly acidic with a pH of ϳ6.2 (55) (Fig.  1) . Mycobacterium leprae (84) , Mycobacterium avium (88) , Mycobacterium bovis BCG (98), and M. tuberculosis (6, 55) all have the ability to prevent maturation of the macrophage phagosome. Lack of acidification of the mycobacterial phagosome is likely due to the absence of the vacuolar protonATPase, and many groups have pursued further molecular characterization of this compartment (42, 77) . As noted earlier, however, after immunologic activation of the macrophage, such as by exposure to gamma interferon (IFN-␥), the fusion block is relieved and the phagosomal compartment acidifies to pH 4.5 to 5.0 (55, 81, 84, 99) (Fig. 1) .
The aforementioned studies have been conducted with cultured cells. Several lines of evidence suggest that M. tuberculosis also resides within an acidic phagosome during infection of the host. Pyrazinamide, which kills M. tuberculosis in vitro only at acidic pHs, is effective in vivo, suggesting that the pathogen's in vivo environment is acidic as well (104) . Additionally, M. tuberculosis-infected lungs are sites of intense Tcell and macrophage activity and are positive for IFN-␥ (8) and iNOS, which IFN-␥ strongly induces (18, 28, 82, 83) , indicating that IFN-␥ is functional. Because IFN-␥ drives macrophage activation and acidification of M. tuberculosis-containing phagosomes in vitro, it is likely that this also occurs in vivo. Consistent with in vitro evidence, it was demonstrated that in humans coinfected with M. tuberculosis and human immunodeficiency virus, M. tuberculosis resides in phagosomes that fail to fully mature and acidify (64) . This may be due to the low levels of IFN-␥ in these patients. Moreover, expression of acid-responsive M. tuberculosis genes is increased during infection of macrophages and acid-sensitive mutants of M. tuberculosis are attenuated in vivo, further suggesting that the bacterium encounters and responds to acidity in the host (14, 71, 73, 95) .
SURVIVAL OF M. TUBERCULOSIS IN ACID: IN VITRO OBSERVATIONS
In vitro studies of bacteria at low pH are informative because they can indicate whether the bacteria are likely to be acid resistant or sensitive during infection. These studies can also identify bacterial factors that confer protection against low pH and may do so as well in the host environment. Thus, to begin understanding whether M. tuberculosis resists acid in vivo, it is useful to first review survival of M. jb.asm.org tuberculosis in acid in vitro. Importantly, however, the interpretation of in vitro studies is complicated by the observations that survival of many bacteria in acid is dependent on the culture conditions, such as bacterial density and composition of the test medium (33) . These variables also dramatically influence the survival and growth of mycobacteria at low pH (11, 90, 95) . In general, the fast-growing, saprophytic mycobacteria grow over a wider pH range than the pathogenic, slow-growing mycobacteria (16, 69) . This may reflect that the environments in which saprophytic mycobacteria reside, such as soil and water, are often acidic (43) . Remarkably, mycobacterial species were found greatly enriched in extremely acidic volcanic rock at pH 1 (100). With humans being its only natural environment and inhalation its most common route of entry into the body, M. tuberculosis does not need to maintain such a high tolerance for acid. Optimal growth of M. tuberculosis in enriched liquid medium (Dubos' or 7H9 medium) is observed at a slightly acid pH, between 5.8 and 6.7. The bacilli display almost no replication at a pH of Յ5.5 ( Fig. 2A) (16, 69) . At pHs of 5.0 and 4.5, although M. tuberculosis survived at high densities (ϳ2.5 ϫ 10 8 CFU/ml), the bacteria were killed dramatically as their density was reduced ( Fig. 2A) . E. coli also displays greater acid resistance at high densities, and a cell-cell contact-based mechanism appears to be involved (57) . Protective factors secreted by E. coli may also play a role in its resistance to acid (76) . The in vitro observations of M. tuberculosis in acid invite the speculation that the bacterium might be highly susceptible to the low pH of the phagolysosome, particularly if one chooses to consider the bacterial density (that is, number of bacteria per unit fluid volume) in a phagosome "low." However, one might also consider the bacterial density in a phagosome to be extremely high. More important, killing of M. tuberculosis at pH 4.5 is greatly influenced by the composition of the medium in a manner that can be considered artifactual (Fig. 2B) . Because of their propensity to clump, mycobacteria are commonly grown in detergents to allow for dispersed growth and preparation of relatively uniform bacterial suspensions for experimental studies. When the detergent tyloxapol was used instead of Tween 80 in growth medium acidified to pH 4.5, killing at lower densities was reduced but not eliminated (Fig. 2B) . Free fatty acids are toxic to M. tuberculosis, particularly at low pH, and therefore the high susceptibility of the bacterium to low pH in growth medium may be due to the release of oleic acid or other free fatty acids from Tween 80 and albumin, respectively (22, 24, 45, 47, 48, 51) . In a simple phosphate-citrate buffer at pH 4.5, M. tuberculosis survived for a prolonged period at a wide range of cell densities (Fig. 2B) . It was reported that a variety of strains of M. tuberculosis are resistant to killing at a pH of 4.5 in phosphate-citrate buffer (44) . The bacilli are also able to maintain a near neutral intrabacterial pH when placed in phosphate-citrate buffer at pH 4.5, indicating that they are able to counter the entry of protons (95) . Therefore, in simple buffer M. tuberculosis resists phagolysosomal concentrations of acid. These studies serve as a reminder that M. tuberculosis' susceptibility to stresses in vitro can be confounded by the model systems utilized.
SURVIVAL OF M. TUBERCULOSIS IN ACID: OBSERVATIONS IN THE MACROPHAGE
As M. tuberculosis causes a chronic infection that often persists for the lifetime of its host, it is likely that at least some proportion of the bacteria is effectively resistant to the level of acid in the phagolysosome. However, some experimental data suggest that M. tuberculosis might be sensitive to host acid not only because it displays a narrow pH optimum for growth in vitro (see above), but also because the bacterium's growth is restricted by IFN-␥-activated macrophages that have acidified their phagosomes (55) . However, besides inducing acidification of phagosomes, as noted above, IFN-␥ activates many other pathways of mycobacterial control (26, 65) .
In order to examine survival of M. tuberculosis in phagolysosomes, M. tuberculosis was coated with serum, which resulted in delivery of the bacilli directly to the phagolysosome via Fc receptor-mediated phagocytosis. The bacilli survived and even replicated slightly in phagolysosomes (5) . In another study, macrophages were coinfected with Coxiella burnetii and M. tuberculosis so that both organisms colocalized to acidic vacuoles; the growth of M. tuberculosis was only minimally restricted in coinfected macrophages, suggesting that they can tolerate the phagolysosomal acidic milieu (35) . In the coinfection studies, survival of M. tuberculosis was similar to that of M. avium, a mycobacterial species that can infect both through inhalation and the oral route and can survive a gastrointestinal pH of 2 for at least 2 h (11). Also, M. tuberculosis is not killed within IFN-␥-activated macrophages that lack iNOS, an important mediator of mycobacterial control; because iNOS Ϫ/Ϫ macrophages that have been activated by IFN-␥ retain the ability to acidify their phagosomes, it appears that M. tuberculosis can resist killing by low pH in macrophages (55) . Additionally, M. tuberculosis mutants that are unable to prevent phagosome-lysosome fusion and therefore localize to phagolysosomes are not necessarily compromised for survival in macrophages, further suggesting that the bacterium is likely acid resistant (38, 52, 68, 72, 86) . In support of this notion, M. tuberculosis is able to maintain its intrabacterial pH at near neutral during infection of IFN-␥-activated macrophages (95) . However, in LRG-47-deficient macrophages that are unable to completely acidify their phagosomes after activation with IFN-␥, M. tuberculosis exhibits enhanced survival (55) . It must be noted that these phagosomes do not mature completely after macrophage activation (55) , and it is likely that other antimicrobial effectors, such as free fatty acids (2, 94) or ubiquitin-derived peptides (4), are not delivered to the mycobacterial phagosome in LRG-47-deficient macrophages. It remains difficult to single out the impact that acid may be having on the bacteria; however, the aforementioned studies do suggest that acid may not directly be potently mycobactericidal and M. tuberculosis likely becomes sensitive to low pH in combination with other antimicrobial factors.
THE ROLE OF THE CELL ENVELOPE IN ACID RESISTANCE
The physical structure and molecular composition of bacterial cell envelopes act as an effective primary barrier against the entry of protons. If protons do enter the bacterial cytosol, an array of mechanisms regulates pH within the cell. Proton pumps, production of ammonia, amino acid decarboxylation, cell envelope modification, macromolecule protection, and cell density all contribute to maintenance of intrabacterial pH and survival of bacteria in acid, as reviewed comprehensively in references 13, 30, and 31. At an external pH of 5, the internal pH of M tuberculosis H37Ra was close to 7, indicating that mycobacteria are able to maintain a neutral internal pH in an acidic environment (105) , and other studies have confirmed this observation in M. smegmatis and virulent M. tuberculosis (70, 95) .
In the early 1900s, Metchnikoff speculated that the waxy M. tuberculosis cell wall serves as an important guard against acid stress present in phagocytes (61) . M. tuberculosis has a lipid rich cell wall that consists of a typical bilayered plasma membrane followed by a layer of peptidoglycan-arabinogalactan covalently linked to mycolic acids that can be up to 90 carbon atoms in length. Recent work has demonstrated the existence of an additional outer lipid bilayer surrounding mycobacteria (41, 107) . This complex cell envelope acts as a formidable permeability barrier for antibacterial effectors, including protons. Indeed, studies examining the physiology of mycobacteria at low pH indicate that the cell wall plays a critical role in resistance to acid. A large number of the few M. tuberculosis and M. smegmatis acid-sensitive mutants identified so far have defects in genes involved in cell wall functions (92, 95, 96) , and many cell wall or lipid biosynthesis genes are transcriptionally regulated upon exposure to low pH (29, 73, 80) . In addition, mycobacteria do not appear to display a classical acid tolerance response, in which prior exposure to mildly acidic conditions protects the bacteria in a more acidic environment. Preadaptation of M. smegmatis to a pH of 5.0 only conferred two-to threefold protection to a pH challenge of 3.0 (66). This level of protection is relatively low compared to that of enteric bacteria, which can display a 1,000-to 10,000-fold increase in survival after preadaptation in mildly acidic medium (32, 49). We have not observed an acid tolerance response in M. tuberculosis either (unpublished observation), and it may be that mycobacteria mainly rely upon intrinsic acid defenses, including their cell wall, for survival at suboptimal pH.
ACID-SENSITIVE M. TUBERCULOSIS MUTANTS
Few acid-sensitive M. tuberculosis mutants have been identified, and the mechanisms by which the deficient gene products confer acid resistance have not been elucidated. M. tuberculosis lacking MgtC, a putative magnesium transporter, was attenuated for growth in vitro at a mildly acidic pH of 6.25, but only at low Mg 2ϩ concentrations (14) . The MgtC mutant was also attenuated for growth in macrophages and mice, suggesting that Mg 2ϩ acquisition may become important when M. tuberculosis is exposed to the low pH of the phagosomal compartment (14) . It has been proposed that Mg 2ϩ may be required in acid for the maintenance of cell envelope integrity, as a cofactor for enzymes that become important during acid stress or for the function of a Mg 2ϩ -dependent proton ATPase involved in extruding cytosolic protons (21) . However, Salmonella's MgtC does not appear to function as a transporter of Mg 2ϩ , but may be involved in regulating membrane potential, perhaps by activating a cation-translocating P-type ATPase (39, 63) . However, this evidence is based on heterologous expression of S. enterica serovar Typhimurium MgtC in Xenopus laevis oocytes (39) . In E. coli, an MgtC family member has also been implicated in acid resistance (57) . Future work is required to delineate whether MgtC acts as a Mg 2ϩ transporter, activates P-type ATPases (3), or plays some other yet to be identified role.
M. tuberculosis OmpA (OmpA Tb ), a pore-forming protein or porin, is also important for acid resistance and virulence (71) . VOL. 191, 2009 MINIREVIEWS 4717 by on July 13, 2009 jb.asm.org
Transcription of ompA Tb was induced at pH 5.5, and an ompA Tb mutant was attenuated for growth at pH 5.5 in vitro in macrophages and in mice (71) . The mechanism by which OmpA Tb confers acid resistance is unknown. Work on the pore-forming activity of OmpA Tb in lipid bilayers has indicated that the channel is pH sensitive and has a propensity to close at low pH (62) . Closing of OmpA Tb may be an adaptive mechanism used by M. tuberculosis to survive in the low pH of the phagosome, and the channel's increased expression at low pH may compensate for its reduced activity in acid. The precise role of OmpATb in transporting molecular factors at low pH remains to be determined. In a screen of 10,100 M. tuberculosis transposon mutants for mutants hypersensitive to pH 4.5, 21 genes were identified whose disruption conferred sensitivity to low pH (95, 96) . All 21 acid-sensitive mutants exhibited growth similar to wild type at near neutral pH. Fifteen of the 21 mutants were deficient in genes annotated to be involved in cell wall functions, of which several are possibly involved in the biosynthesis of peptidoglycan or the cell wall lipid lipoarabinomannan (Rv2052c, Rv2136c, Rv2224c, ppm1, and ponA2) (19, 95, 96) . Several M. tuberculosis acid-sensitive mutants also displayed increased sensitivity to cell-wall-damaging stress, such as lipophilic antibiotics and a detergent, suggesting that their cell walls were possibly compromised (96) . M. tuberculosis mutants deficient in homologs of genes shown to be involved in low-pH resistance in M. smegmatis were not isolated (92) . In a screen of 5,000 transposon mutants, 8 M. smegmatis acid-sensitive mutants identified were disrupted in genes predicted to be involved in phosphonate/phosphite transport, methionine biosynthesis, and lipid biosynthesis; several genes of unknown function were also identified (92) . It is possible that M. tuberculosis mutants in homologous genes were not represented in the screened library or that those genes are not expressed under the conditions studied or are redundant in their function. However, cell wall biosynthesis pathways seem to be required for acid resistance in both mycobacterial species. Furthermore, mutants of M. tuberculosis genes annotated to be involved in mechanisms used by gram-negative and positive bacteria to resist acid, such as potassium-proton antiporters, amino acid decarboxylases, and F o F 1 ATPases were not isolated (30) . To our knowledge, many pathways that are important for acid resistance and intrabacterial pH homeostasis in gram-negative and gram-positive bacteria have not been identified to play a role in mycobacterial acid resistance. This is likely due to the general paucity of work in this area. Additionally, acid resistance systems may not function in an analogous fashion in facultative intracellular pathogens like mycobacteria that modulate endosomal maturation. However, some mechanisms that protect from acidification seem to be conserved between bacterial pathogens. For example, ammonia produced from urea by an H. pylori urease neutralizes gastric acid and is important for survival of the bacterium in the low pH of the stomach (78) . In mycobacteria, it has been proposed that ammonia generated by the mycobacterial urease is involved in neutralizing phagosomal pH and inhibiting phagosome-lysosome fusion (37, 38) .
To identify mutants whose acid sensitivity was independent of medium components, the 21 acid-sensitive mutants were counterscreened in other media. Only two mutants, those disrupted in Rv3671c and Rv2136c, were hypersensitive in a simple phosphate citrate buffer at pH 4.5. These two mutants failed to maintain intrabacterial pH in acid in vitro and in IFN-␥-activated macrophages, and their growth was severely attenuated in mice (95, 96) . Thus, intrabacterial pH homeostasis is important for virulence of M. tuberculosis. Because acid promotes the activity of numerous host defenses, such as lysosomal hydrolases and ROI and RNI, the marked attenuation of these mutants in vivo is probably due to the synergistic interaction of phagosomal acid with other macrophage products (Fig. 1) . Some of the acid-sensitive mutants were also hypersensitive to oxidative and nitrosative stress and heat shock in vitro (96) . In Salmonella and E. coli, low pH induces oxidative and heat shock regulons (34, 58) , and in M. tuberculosis the sigma factors SigB and SigH, which are induced by oxidative and heat stress, are also induced by acid (73) . These observations indicate that there is considerable overlap between low pH and oxidative and heat stress responses and resistance pathways may be cross-protective both in vitro and in vivo.
The mechanisms by which Rv3671c and Rv2136c protect against acid and support virulence remain to be identified. Rv2136c encodes a homolog of Escherichia coli BacA (19) . BacA, which has been renamed UppP, is an undecaprenol pyrophosphate phosphatase involved in peptidoglycan biosynthesis (27) . A Streptococcus mutans strain deficient in an undecaprenol kinase was also sensitive to acid, supporting that peptidoglycan biosynthesis is required for acid resistance (50, 102) . However, survival of the M. tuberculosis Rv2136c mutant at low pH was not restored by a wild-type copy of the gene; therefore, other mutations on the genome may be contributing to its acid sensitivity (96) . Rv3671c is a membrane-bound serine protease that, in contrast to the HtrA membrane serine proteases, lacks a PDZ protein-protein interaction domain (95; unpublished data). Rv3671c may protect M. tuberculosis against acid by modifying the bacterial cell envelope, regulating protein or lipid quality control, and/or serving in signaling pathways that help the bacterium resist extracellular stress.
GENE EXPRESSION OF M. TUBERCULOSIS IN ACID
Genes regulated in M. tuberculosis at pH 5.5 were identified using DNA microarrays (29) . Several genes involved in fatty acid metabolism, such as icl (isocitrate lyase), and many with homology to nonribosomal peptide synthetases and polyketide synthases were induced in acid. Among other genes, the kas/ FASII operon, which is involved in mycolic acid biosynthesis, was repressed upon exposure to acid. Thus, M. tuberculosis responds transcriptionally to acid in vitro, and this may mimic M. tuberculosis's adaptation to the acid conditions of the phagosome. However, these and other gene expression studies were conducted in a medium containing the detergent Tween 80, which as mentioned above can be hydrolyzed to release the free fatty acid oleic acid. Therefore, the induction of some of these genes, particularly those involved in fatty acid metabolism, may in fact be a response to other components of the medium, such as Tween 80, along with, in synergy with, or even instead of acid. To examine the importance of acid-induced genes in virulence, a deletion mutant of an operon (Rv3083-Rv3089) that was highly induced (17-to 33-fold) upon acid exposure was constructed (17) . The mutant was not attenuated at pH 5.5 in vitro; however, it was deficient for growth in macrophages (17) . Whether attenuation of the mutant in macrophages was due to susceptibility to phagosomal acid or to some other aspect of the host environment remains unknown.
In another study, an in vivo expression promoter trap system was used to identify the promoter regions of two genes activated at pH 4.5, lipF and Rv0834c (80) . LipF is annotated as a lipase/esterase, and Rv0834c encodes a PE-PGRS (prolineglutamic acid-polymorphic GC-rich repetitive sequence) family protein. PE-PGRS proteins are only present in pathogenic mycobacteria, and their function remains largely unknown. The authors postulate that lipF may serve to hydrolyze toxic fatty acids present in macrophages during infection or may modify the cell wall of the bacterium. The promoters of lipF and Rv0834c were not induced in resting or IFN-␥-activated J774 cells (80) ; however, lipF transcription was induced in early phagosomes of bone marrow-derived mouse macrophages (73) . A M. tuberculosis lipF transposon mutant was attenuated for growth in mouse lungs (15) . Whether the lipF mutant is sensitive to acid in vitro has not been reported.
M. tuberculosis alters gene expression in response to the low pH of the macrophage phagosome (73) . To define the phagosomal acid-regulated transcriptome, gene induction of intracellular M. tuberculosis was compared in macrophages that were untreated or treated with the vacuolar ATPase inhibitor concanamycin A, which prevents phagosome acidification. Twenty-four concanamycin A-sensitive genes were identified, representing the acid-responsive M. tuberculosis transcriptome. Many of these acid response genes, including lipF, belong to the regulon of the two-component system PhoP. PhoP is involved in regulation of lipid biosynthesis genes in M. tuberculosis (36, 101) , suggesting that the mycobacterial lipidome plays an important role in acid resistance (73) . In the enterobacteria Salmonella and E. coli, PhoP also acts as a pH response regulator (7, 31) . The 24 acid-induced genes of M. tuberculosis overlapped to a large degree with those induced by pH 5.5 and 6.5 in vitro, indicating that even mild acidification serves as a signal for adaptation of M. tuberculosis to the environment of the early phagosome (73) . It will be interesting to examine the function of these genes in the mycobacterial response to acid and whether their absence attenuates survival in the acidic phagosome. M. tuberculosis possesses proteins whose activity is optimal at acidic pH (1, 91); however, mutants in genes encoding these proteins were not attenuated during mouse infections (12, 23) . Nonetheless, delineation of gene and protein networks involved in the low-pH response provides important insights into mycobacterial virulence strategies and may reveal novel targets for chemotherapy.
CONCLUDING REMARKS
Systems involved in cytosolic pH homeostasis are critical for the survival of all organisms and are particularly important for those that are exposed to high concentrations of extracellular protons during their life cycles, including during infection of hosts. Upon inhalation into the lung, M. tuberculosis is engulfed by macrophages into phagosomes. Macrophages contain acidic lysosomes that are involved in the digestion and clearance of invading microorganisms. Although M. tuberculosis can block phagosome-lysosome fusion, this process is set in motion once macrophages have been activated by IFN-␥ (55, 81, 99) . In vitro, in the absence of detergents or albumin, both of which can release fatty acids at low pH, M. tuberculosis is able to maintain its intrabacterial pH and survive at a pH of 4.5. Similarly, M. tuberculosis can maintain its intrabacterial pH and survive in the acidic phagolysosomes of activated macrophages. Therefore, it is likely that this pathogen is able to tolerate the acidity of the phagolysosome during chronic infection of its host. It can be proposed that M. tuberculosis resists acid in the macrophage by two means: one is to restrict fusion of phagosomes with lysosomes, and the second is to resist killing within the acidic phagolysosomal compartment after phagosome-lysosome fusion.
Several mechanisms used by M. tuberculosis to prevent fusion of phagosomes with lysosomes have recently been identified (97) . However, much less is known about how M. tuberculosis is able to resist the acidic environment of the arrested phagosome or the mature phagolysosome. The identification of acid-regulated genes, as well as M. tuberculosis proteins whose activity is increased at low pH, indicates that the low pH of the phagosome is an important cue for adaptation within the host niche and that the bacterium is equipped to cope with this stress (1, 73, 91) . Once within the low-pH environment, acid resistance mechanisms become critical for survival. Accordingly, several mutants of M. tuberculosis that are acid sensitive in vitro are attenuated in animal models of infection (14, 71, 95, 96) . The mycobacterial cell wall appears to play a critical role in survival at low pH, but the molecular mechanisms need to be understood, and additional pathways involved in mycobacterial acid resistance remain to be identified. Knowledge of these intracellular survival mechanisms is likely to lead to the identification of new drug targets and development of chemotherapeutics for the treatment of tuberculosis.
